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RESEARCH MEMORANDUM 

CALCULATED HEATS OF FORMATION AND COMBUSTION OF BORON 
COMPOUNDS (BORON, HYDROGEN, CARBON, SILICON) 

By AuBrey P. Altshuller 


SUMMARY 

The heats of formation and combustion have been calculated for liquid 
and gaseous alkyl- and silyl-substituted boron compounds by a semltheoret- 
ical method. Alkylation and more especially silylation (substitution of 
a SIH 3 group) reduce the heat of combustion. As the molecular weight of 

the parent boron hydride Increases, the reduction in the heats of combus- 
tion resulting from the substitution of a given number of alkyl or silyl 
groups decreases. As many as three carbon atoms can be substituted on 
boron hydrides with five or more boron atoms without reducing the heat of 
combustion below 25,000 Btu per pound. The substitution of one silicon 
atom reduces the heat of combustion as much as do three carbon atoms. 
Alkyl-substituted higher-molecular-weight boron hydrides may prove to be 
satisfactory high-energy fuels. 


INTRODUCTION 

Considerable effort has been put into the synthesis and investigation 
of the physical, thermodynamic, and kinetic properties of liquid and solid 
fuels containing boron and hydrogen, or boron, hydrogen, and carbon (refs. 
1 to 15) . These boron-containing fuels have heats of combustion as much 
as 70 percent higher than JP fuels (ref. 7 and this report), high flame 
speeds (ref. 8 ), and high specific impulses (ref. 9); consequently, they 
afford high thrust and improved range for ram- jet and rocket applications. 

Experimental determinations of the heats of combustion of boron- 
containing compounds are complicated by the Incompleteness of combustion 
of the boron and carbon (refs. 10 and 11 and unpublished Lewis data). 
Furthermore, it is very difficult to prepare boron hydrides or alkylated 
boron hydrides of high purity and maintain such purities over appreciable 
periods of time (unpublished Lewis data) . However, the experimentally 
known heats of formation available for several boron hydrides and trl- 
alkylboranes can be used along with the appropriate bond energies to 
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calculate the heats of formation of many alkyl- and silyl- ( 81113 ) sub- 
stituted boron hydrides. These heats of formation cSx then be combined 
with the heats of formation of the combust^n products to obtain the _ 
heats of combustion of the reactants. i :r -- " 

The heats of combustion of the ethyldLboranejs have been calculated 
previously (ref. 7) from bond- energy data by a mepho^ considerably dlf- , 
ferent In Its details from the method used^in the: prebent report. The 
emphasis In reference 7 was on obtaining ah_ approximate empirical equa- 
tion which could, be used to estimate roughly the heats of combustion of 
boron-carbon -hydrogen fuels of unknown , structure . j In” a recent National 
Bureau of Standards report (ref . 12 ) , the heats of formation of the methyl 
and ethyldlboranes were calculated by a method similar to the method. 

used in the present report. Heats of conibustlon (in .kcal/g) for a number 
of boron-containing fuels have been report^ without jiny details of the 
method of calculation in a report concerned particularly with solid pro- ; 
pellants for rocket applications (ref. 14). , 

The heats of formation and combustion :sre calculated in this report 
for a large number of alkyl- and silyl-subst'ituteei boron hydrides. The 
depression in the heat of combustion resulting frcim ifef easing alkylation 
or sllylation is considered. The effects on the beats of combustion of 
substitution of equal numbers of alkyl or silyl gr|oup's on different boron^, 
hydrides also are discussed. - In addition, the lowering of the heat of ^ 
combustion of a given boron hydride resulting fronj aHjylation is compared^ 
with that resulting from silylation. ^ 
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NOMENCLATURE 


The nomenclature for boron compounds suggested Ih reference 16 is 
used in part In the present report. For simplicity, ' 

®10^14 referred to in this report aa dlbor|an e f ~ p entaborane . and 

decaborane rather than diborane- 6 , pentaborane -9, bnd"%ecaborane-14, as 
suggested in reference 16, The substituted, compoujiils ^36 will be called ' 

trialkylboranes (R, alkyl radical). Substituted alkyldiboranes and silyl -' 
diboranes will be named as suggested in reference il 6 and Illustrated in 
the following list: 

CH 3 H 

\EnB^ 

/ ^ s 

CH 3 H 

CH 3 CH 3 

N / 

BHpB 

/ \ 

H H 


1, 1-Dimethyldiborane 


1 , 2 -Limethyldibprane' 
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C3H CH_ 

3\ / 3 

BHgB 

CHg'" H 


1, 1, 2 -Trlmethyldlborane 


SUE- SIH- 

3 \ / 3 

BH2B l,l, 2 -!Erlsllyldiboraiie 

SiHg H 


The name boryl for the BH2- radical suggested In reference 16 is adopted 
as are the names methylboryl and dlmethylboryl for (CH2)BH- a.nd (02:3)22-, 
respectively. Cong)ounds of the types S 2 BCH 2®®2 ^®C2S;^SE?2 will be 

named in the following way: 


H2BCH2BH2 
H2 BCH2 CH2 B]^ 
H2BCE2B2CH3 
CH3HBCH2BHCH3 
H2BCH2CH2BHCH3 

( CH3) 2BCH2CH2B( CH3) 2 


Dlborylmethane 
1, 2 -Diborylethane 
Borylmethylborylmethane 
Bi s-methylborylmethane 
l-Boryl -2 -methylborylethane 
1 , 2 -Bis ( dlmethylboryl) ethane 


The radicals formed by removal of a hydrogen atom from the boron 
hydrides other than borane will be given the anyl ending. Thus, the 
radicals B5H3 and B2 _qH 23 will be referred to in the present report as 

the pentaboranyl and decaboranyl radicals. Consequently, alkylated and 
silylated derivatives of pentaborane and decaborane may be named as sub- 
stituted hydrocarbons and silanes, but more common usage calls for naming 
these compounds as alkyl and silyl derivatives of the various boron hy- 
drides. When two radicals are joined, as in B5H0B5H3, the bi prefex will 

be used as in biphenyl C0H5C0H3. Since the thermo chemical information is 

insufficient to differentiate theimally between nonequivalent boron atoms 
in pentaborane and decaborane, the numbering of the skeletal boron atoms 

To illustrate, 

Ifethylpentaborane, or pentaboranylmethane 
Sllylpentaborane, or pentaboranylsllane 


will not be used. 

B5H3S1H3 


/*■ 
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Ethylpentaboi^^e^ or pegSaboranylethane 
Bipent^oranyl ' 7^ __ - 

DlpentaBoranylmethaiie _ ^ 

: 2-Dipentaboranylethane ■; 

Methyldecaborane, or dec^aboranylmethane 
Bldecaboranyr i ^ “■ 

1, 2-DidecaboranyletliaTie'7 jr 

HEATS OF FORMATION OF BORON HYDRIDES, TRIALK^JBOMJIES, ALKYL AND 

SILYL RADICALS, AND GASEOUS BORON AND CARBON 

The heats of formation of dlho2rane B2H0, pentahorane B5Hg, and deca- 
borane B]_qH 2_4 have been detemilned at the Natlonajl Bi^eau of Standards 

^ref. 6) from the thermal decomposition of., the hydrides to boron and hy- 
drogen. These values are listed in table I. The’ heat of formation of 
borane BHg listed in table II vas calculated from| the heat of reaction 

of 28 kcal per mole for the reaction B2Hs-^2BH3 (ref. 13) and the heat of 
formation of dlborane. The heats of formation of B2I5, B2H4, B2H3, B2H2, 
B5H3, and B]_qH]_ 3 in table II have been estimated by assuming that the bond 

dissociation energy for breaking the first boron-to-hydrogen bond so as to 
form B2H5, B5H3, and B]_qH 2_3 and the average boronj-hy^ogen bond energy in 

forming B2H4, B2H3, and B2H2 may be approximated by ttie average boron-to- 

hydrogen bond energy in borane. This assumption Vrlll be discussed in more 
detail in the following section on bond energies.! - 

The heats of combustion of the trimethyl-, trlethyl-, tri-n-propyl-, 
and tri-n-butylboranes have been determined (refs|. 6,- 10, and 15). _ 

Complete combustion of boron-containing co^ounds| (refs. 10 and 15) 
is difficult to obtain. Residues of both boron aiid carbon and possibly 
partially oxidized products also often rem^n aftjsr combustion. Although 
the residues may be partially corrected for. by analysis (unpublished Lewis 
data) , the uncertainties in the experimental heats of combustion at present 
range from ±1 to ±2 percent. As, a consequence, the heats of formation of 
the trialkylboranes are uncertain from ±5 to ±15 kcaL per mole. ~ 


®5%^2% 

B5H8CH2B5H8 

® 10 % 3^®3 

® 10 % 3 ® 10%3 

®10%3‘^2‘^2®10%3 
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The heats of formation of alkyl free radicals, for example, CH 3 , 
CH3CH2, and. CH3CH2CH2^ may he obtained, from the heats of formation of the 

parent hydrocarbons and the bond dissociation energies of the radlcal-to- 
hydrogen bonds of these hydrocarbons. The bond dissociation energies for 
the radical -hydrogen bonds are obtained from electron impact measurements 
in the mass spectrograph (ref. 17 ), from studies of the kinetics of bro- 
minatlon of hydrocarbons (refs. 18 ’ and 19 ), and from kinetics of pyrolysis 
(ref. 20). The values for the radical-hydrogen bond dissociation energies 
from electron impact measurements agree within the experimental errors 
with the results from kinetics of brominatlon. The heats of formation of 
the methyl and ethyl radicals are uncertain to ±1 kcal per mole, while the 
heat of formation of the n-propyl radical is iincertain to ±2 kcal per 
mole. The most probable values for the heats of formation of the alkyl 
free radicals are listed in table II. The use of dissociation processes 
involving alkyl free radicals, where possible, avoids entirely the un- 
certainty as to the heat of sublimation of carbon. Actually, the calcu- 
lated heats of formation are independent of the choice of the heat of 
sublimation of carbon as long as the appropriate carbon-hydrogen and boron- 
carbon bond energies are used with a given choice of the heat of sublima- 
tion of carbon. 

The heat of formation of the silyl free radical 8113 in table II is 
estimated from the heat of formation of silane SIH4 (ref. 21) and the 
average silicon -hydrogen bond energy (see following section). 

The higher heat of sublimation of carbon is listed in table I. The 
heat of sublimation of boron given is that reported in reference 6. 

BOKD ENERGIES 

The experimental average Y-Z bond energies Dgj^(Y-Z) may be ob- 
tained from dissociation processes such as 

^(g) - Y(g) + nZ(g) 


by using the expression 


De^(Y-Z) ^AHg/n 

where AH^ is the heat of atomization and n is the number of Y-Z 

bonds broken in the dissociation process. The experimental average bond 
energies for the boron-hydrogen and boron-carbon bonds may be calculated 
from the dissociation processes 
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BH3(g)-*-B(g) + 3H(g) 

and 

BR3(g)-^B(g) +-3R(g) j ^ 

where R is alkyl radical. Similarly, the experimental average hond 
energies may he obtained for the carbon-hydrogen and silicon -hydrogen ~ 

bonds from the dissociation processes : I ii 

CH4(g)->C(g) + 4H(g) I 5 ;; 

and i “■ ?L 

siH4(g)-».si(g) + 4H(g) 1 i|' 

Another method of obtaining average bond eneij-gies uses Pauling's" 
equations (ref. 22) involving the arithmetic and geometric means of the 
nonpolar bond energies. The equation involving tlj.e geometric mean is . - 

more satisfactory to use and has therefore been employed to calculate the 
average bond energy for the boron-silicon bond foif which no experimental 
data are available. This equation is ■ ; C, 

Dgj^(Y-Z) = Vd(Y-Y)D(Z-Z) + 23.06 [ikY 

Where D(Y-Y) and D(Z-Z) are nonpolar bond energies, _that is, D(C-C), 
D(Cl-Cl), and .so forthj Xy and x^ are the electronegativities of 
atoms Y and Z (ref. 22). The D(B-B) and x-g jhave been obtained by 
solving simultaneous (Rauling) equations using data for the boron com- 
pound^ iBH3, BBr3, and BR3, where the heats !of formation, D(H-H), D(Br-Br), 

D(C-C), Xjj, Xg^, and Xq, are known. The value of PJB-B) also has been ^ 

determined by solving the simultaneous equa,tions involved in the decompo- 
sition reactions for BH3, BgHg, B3H9, and Eio'Hli* ■ numbers of the 

various types of bonds (B-H, B-B, BHB, BBB) are takeh”from reference ^3. 
The average values obtained for D(B-B) and xg ^e “SO kcal per mole,, and!' 

2.0 units, respectively. (Pauling (ref. 22)" previously obtained an Xg 

of 1.95 using more limited data.) These values mAy then be substituted 
back into Pauling's equation to obtain such bond energies as Dgjj^(Sl-B). 

All the pertinent average bond energies obtained experimentally or from 
Pauling's equation are listed in table !! 

Actually bond dissociation energies such as (B5Hg)-H are desired, not 
average energies. For example, by use of the avefage~bond energy D(B-H) 
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in pentaborane, the assumption is made implicitly that all horon-hydrogen 
bonds have equal energies. Furthermore, it is assumed that the apex horon 
in B5H0 is the same as the base boron atom (ref. 3). Similarly, the four 

different types of boron atom in decaborane (ref. 3) are assumed to have 
equal D(B-H) values. Unfort'unately, no bond-dissociation-energy data for 
specific dissociations B^B^t-H are available for boron hydrides. When 

more detailed information on bond energies and bond dissociation energies 
of boron hydrides does become available, it may become possible to esti- 
mate the differences in boron-hydrogen bond energies among nonequivalent 
boron atoms in the higher boron hydrides. 


METHOrS OF CALCULATION 
Heats of Formation 

The heats of fonnatlon of boron-containing molecxiles for which there 
are no experimental data from heats of combustion, heats of decomposition, 
and so forth, can now be computed. The method to be used involves atomiza- 
tion or dissociation reactions. For example, methylpentaborane (or penta- 
boranylmethane) B5H3CH3 may be (l) atomized into gaseous atoms or (2) dis- 
sociated by breaking a single boron-carbon bond as follows: 

B5HgCH3(g)-*.5B(g) + C(g) + 11 H(g) (l) 

B5HgCH3(g)-*B5Hg(g) + CH3(g) (2) 

Where possible, the molecules of Interest will be dissociated (eq.. (2)) 
into boron hydride fragments such as gaseous pentaborane and alkyl or 
silyl radicals. For the alkylated diborylmethanes, dlpentaboranylmethane, 
and didecaboranylmethanes, decompositions to gaseous carbon also are in- 
volved. In such cases care was taken to use the appropriate values for 
average carbon-hydrogen and boron-carbon bond energies (table III) . 

The heats of these dissociation reactions are taken as the s-ums of 
the bond energies for the bonds broken in formation of the fragments. 

Thus, in the dissociation reaction for B5HgCH3(g) given in equation (2), 

one boron-carbon bond is brokenj therefore, the heat of dissociation is 
just 89 kcal per mole. 

In general, the heat of formation will be given by 


AHf - 


^(dissociation) 
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or "by i. ;; 

AH? = ZAE^(proetacts) - 2D(Y-Z;) ^ 

The approximate natiire of the bond energies xisedjneans that the heats 
of formation (table II) calculated from them are unceftaln to perhaps ±5 
to ±15 kcal per mole, although some errors may cancel ^ach other out In 
the calculation. Fortunately, the contributions of t^ heats of formation 
of the adkylated and sllylated boron hydrides are ;rardly greater than 5 
percent of the heats of combustion. Hence, ' the iinjcertalntles In the heats 
of formation result In uncertainties In the heats of combustion of only 1 
to 2 percent. ■ 


Heats of Vaporization 

The heats of formation of the gaseous molecules have been obtained by 
the procedure of the preceding section. Since thej heats of formation ^f . 
the liquids are also needed, the heats of vaporlzaj^lo^ of the liquids must 
be estimated. But, because most of the molecules bonsldered have not heeh 
synthesized, neither heats of vaporization ^AH^gp , nor boiling points ^e , 

generally available. * ; - " 

The present Investigation shows that the extreuiely simple e 2 !i)res 8 lon 
AH^gp = 2 +- 2n(C, B, SI atoms) 

■will give AHyg^p values with an average deviation’ of^ kcal per mole and 

less from the experimental heats of vaporlza-tlon at the boiling point of ; 
the boron hydrides, trlalkylboranes, alkyldlboranejs, ^d alkylsllanes . 

This comparison Is given In table IV. From_-these palculated heats of va-^. 

porlzatlon, the heats of foimiatlon of -the liquids ]iav^been calculated^ 

from the heats of- formation of the gases. i: 

The heats of formation (gas phase and liquid phase) of the alkylated,, 
and sllylated boron hydrides are listed In "table VI 


Heats of Combustion ■ 

The heats of combustion AH^ of the gaseous ;and;i.lquid alkylated 
and sllylated boron hydrides can now be calculated. ^ 

The heats of formation of the products Of combus^on considered are 
listed In the following table: ^ — 


3714 
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Oxide 

Heat of formation 
(at 25° C), 

ATT^, kcal/mole 

H20(g) 

-57.80 

B gO 2 ( cry s t alllne ) 

-305.4 

B 2 O 2 ( amorphous ) 

-301.0 

COgCg) 

-94.05 

Si 02 ( amorphous ) 

-208.1 


The heats of formation of water vapor and of carhon dioxide are accu- 
rately known (ref . 21) . The heats of formation of crystalline and amor- 
phous boric oxide (ref. 6) probably still are uncertain to ±1 kcal per 
mole. The heat of formation of amorjlious silica is used (refs. 24 and 25) 
because X-ray analysis shows that the silica resulting from bomb calori- 
metry of silanes is amo 2 rphous (ref. 26). 

g Heats of formation and combustion appear in table V for substances in 

jJij the liquid, solid, or gaseous state w Heats of combustion were calculated 

for reactions yielding both amorphous and crystalline boric oxide as prod- 
ucts. These values have uncertainties of ±200 to ±500 Btu per pound. 

The heats of combustion of the various series of boron compounds are 
plotted in figure 1. Only the heats of combustion of the liquid boron 
compounds oxidized to BgOj (amorphous) are plotted in these figures. How- 
ever, as can be seen from table V, the heats of comibustlon for the gaseous 
compound are only 100 to 300 Btu per pound higher than those for the same 
substance in the liquid state. The values plotted represent the lowest 
heats of combustion of those listed in table V. The most favorable heat- 
of-con±)ustlon values, which are for the boron compounds in the gaseous 
state oxidized to B202( crystalline), are 100 to 700 Btu per pound higher. 


DISCUSSION OF RESULTS 

The heats of combustion listed in table V and plotted in figure 1 
provide data from which a number of interesting conclusions can be drawn. 
The effects of alkylation or silylation of a given boron hydride and on 
different boron hydrides now may be examined in detail. 


Trialkyl- and Trisilylboranes 

Alkylation and silylation have a common detrimental effect on the 
heats of combustion of the parent boron hydrides. Alkylation of borane 
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to form R 3 B compounds reduces the heat of comhustion to a range of values 
only 10 to 20 percent higher than those for JP fuels (aHc for JP fuels^ 
from 18^000 to 19^000 Btu/lb). Silylation ■ to fon^ B(S 1 H 2)3 reduces the 

heat of combustion below that of most hydrocarbons (see table V and fig. 
1 (a)). ; . :i 

Alkyl- and Sllyldlboranes ' — " 

While dlbbrane has a heat of combustion of more than 31,000 Btu per 
pound, the heat of combustion of monomethyl(U.borane Is 4700 Btu per poiind 
lower. Further alkylation lowers the heats of coTiibustion to between 
20,000 and 24,000 Btu per pound. The monoalkyldlboranes are unstable wltti 
respect to rearrangement to dl- or trlalkyldlboraAes 

Silylation of diborane, even monosllylatlon, j dr^tlcally depresses 
the heat of combustion. The heat of combustion of monos llyldlborane Is 
as low as that of trlmethyldlborane and the heats | of .combustion of trl- 
and tetrasllyldlborane are no better than those of JP fuels (table V and 
fig. 1 (b)). , 


Alkyl- and Sllyltetraboran^s 

The heat of combustion of tetraborane Itself | Is _pnly 600 Btu per 
potind less than that of diborane and is about 140(|) Btu per pound higher 
than that of pentaborane. Although the heats of com^stlon fall off 
more rapidly with alkylation and silylation of te-prabbrane than penta- 
borane, the higher Initial heat of combustion of "phe ^parent compound 
tetraborane results In a higher heat of combustion for all the alkylated 
and sllylated tetraboranes considered when . compared with the correspond- 
ing alkylated or sllylated pentaboranes (see follpwin^ section) . Although 
tetraborane itself is rather unstable, the alkylaped or sllylated deriva- 
tives might possibly be appreciably more stable (•pable V and fig. 1(c)). 


Alkyl- and Silylpentaboranefe 

Alkylation of the heavier pentaborane molecujle has less-drastic con- 
sequences on the heat of combustion than alkylatlpn (&es for diborane. ^ 
The methylpentaborane (or pentaboranylmethane) has a heat of combustion 
only about 2100 Btu per pound lower than does pentaborane itself. Even 
propylpentaborane (or pentaboranylpropane) has a heat of combustion of 
about 25,000 Btu per pound, which is quite; an appreclnble gain over J5' 
fuels. Silylation again causes a much larger depres^on In the heats of 
conhustion than does alkylation. Sllylpentaborane (or pentaboranylsllane) 
with only one silicon atom has a heat of cbmbustlpn ^but the same' as" that 
of propylpentaborane with three carbon atoms (table and fig. 1 (d)). 





CN-2 bacK 


HACA RM E55G26 


11 


Alkyl- and Silyldecaboranes 

When the even heavier molecule deeaborane is considered, it can be 
seen (table V and fig. 1(e)) that alkylation has a very small effect on 
the heat of combustion. Methyldecaborane (or decaboranylmethane) has a 
heat of combustion only 1000 Btu per pound less than does deeaborane. 

Of even more interest Is the fact that methyldecaborane, ethyldecaborane, 
and propyldecaborane all have heats of combustion larger than the corre- 
sponding alkylpentaboranes despite the higher heat of combustion of penta- 
borane compared with deeaborane. Also, the silyldecaborane has a heat of 
combustion over 1000 Btu per pound higher than that of silylpentaborane. 
Again, as with dlborane and pentaborane, the heat of combustion is de- 
pressed about as much by one sllyl group as by one propyl group substi- 
tuted on deeaborane. 


Dlborylmethane, Dlborylethane, and Their Alkyl Derivatives 

Dlborylmethane H 2 BCH 2 BH 2 ^ 1, 2-diborylethane H 2 BC 2 H 4 BH 2 , and their 

alkyl derivatives show no outstanding advantages in their heats of com- 
bustion compared with the previously discussed boron hydride derivatives. 
Although dlborylmethane has a high heat of combustion (26,000 to 27,000 
Btu per pound), alkylation rapidly depressed the heat of combustion to 
values only 10 to 20 percent higher than those of JP fuels (table V and 
fig. 1(f)). The compound 1, 2-dlborylethane has a heat of combustion of 
only about 25,000 Btu per pomd and alkylation depresses the heat of com- 
bustion into the range from 21,000 to 22,000 Btu per pound (table V and 
fig. 1 (f)). 


Bipentaboranyl and Bidecaboranyl 

Blpentaboranyl B 5 H^ 5 H 0 and bidecaboranyl Bio^lS^lO^S 'would be 
formed by the combination of two pentaboranyl or decaboranyl radicals. 
Their heats of combustion (table Y and fig. 1(g)) appear to be only 
slightly lower than those of the respective parent hydrides, penta- 
borane and deeaborane; consequently, these compounds or their alkylated 
derivatives should be very good high-energy fuels. 


Dlpentaboranyl- and Didecaboranylal Wanes 

The heats of combustion of dlpentaboranylmethane B 5 H 3 CH 2 B 5 H 0 , 1,2- 
dlpentaboranylethane B 5 H 0 C 2 H 4 ,B 0 B: 0 , dldecaboranylmethane B]_qH]_ 2 CH 2 B 2 _oHi 3 ^ 
and 1 , 2 -didecaboranylethane B3_qH2_3C2B4B3_qHj_3 also have been calculated. 
The heats of combustion of these compounds are in the range from 26,000 
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to 28,000 Btu per pound (table V and fig. 1(g)). ' Their heats of combus-" 
tion appear to be slightly higher than the methyl and ethyl derivatives of 
pentaborane and decaborane. The dl decabor any lalkanes'^ have heats of combus- 
tion as hi^ or hl^er than the dipentaboranylalkaneA with the same number 
of carbon atoms. If the liquid dipentaboranyl- ahd didecaboranylalkanes 
could be prepared, they might be very satisfactory high-energy fuels. 

Even higher dipentaboranyl- and didecaboranylalkanes," such as 1,2- 
dldecaboranylbutane, should have quite high heats [ of combustion in the 
range of 25,000 to 26,000 Btu per pound (estimated by extrapolation) and 
may have very satisfactory liquid ranges, low volatilities, and fairly 
high densities. i 


Heats of Combustion of Isomers - - 

It should be noted that many of the compound^ mentioned in this re- 
port can have a nvtmber of Isomers. For example, "^he alkyl group in an 
alkylpentaborane could be attached to either the apexTor the base boron 
atom in pentaborane. Again, in dlpentaboranylmetMne , the two pentaboranyl 
radicals could be joined by the methylene group ai^ex to apex, apex to base, 
or base to base. Quite probably these Isomers haye somewhat different 
heats of combustion. The present status of thermo chemical knowledge of 
boron con 5 )oundB does not justify the refinement of estimating the differ- 
ences in the heats of formation of isomers, and consequently, in their 
heats of combustion. ' - 


COHCnJDING REMAEOCS 

The present calculations of the heats of combustion of alkylated and 
sllylated boron hydrides indicate that alkylated derivatives of penta- 
borane and higher boron hydrides should be among toe best high-energy 
fuels. The higher the boron content, toe less all^labion will affect the 
heat of combustion of the boron hydride. However,' it is also possible 
that considerable alkylation would be necessary to obtain a liquid fuel 
from a compound such as bidecaboranyl. The; preparation of compounds such 
as B 5 H 0 (CH 2 )jiB 5 H 0 and B;j_o®-13(*^%)n®10%5 result _ in very satisfactoiy 

liquid fuels. However, farther synthetic work is ;nec6SBary before the 
exact nature of the best or several best boron-containing high-energy 
fuels can be specified. 

As more accurate and extensive thermochemical, data become available 
for boron hydrides and alkylated boron hydrides, calculations of the type 
made here also can become more accurate and extensive. In view of the 
experimental difficulties InvoLved in the thermochemistry of boron com- 
pounds, the procedure of using a small amount of experimental data as a 
base from which to make expensive semltheoretlcal Icalculatlons will prob- 
ably be of value for some time to come. ' 
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It also must Ids remembered that most of the compounds for which cal- 
culations are made in this report have never "been prepared. Furthermore, 
many of these compounds may he very unstahle and undergo decomposition, 
rearrangement, or polymerization reactions. The answers to such questions 
of stability await further synthesis work and physical measurements. 

The value of a given confound as a fuel is determined hy a number of 
other considerations besides its heat of combustion. A compound may have 
a desirable heat of combustion but an unsatisfactory liquid range. A loss 
in heat of combustion through alkylation may result in a fuel which has 
a wide liquid range and also better handling characteristics. Further- 
more, a higher combustion efficiency, obtained by alkylation or possibly 
silylatlon, may con^jensate or more than compensate for the loss in heat 
of combustion. 

Obviously, an the factors mentioned and perhaps others must be bal- 
anced against each other in obtaining the most desirable fuel. A boron- 
containing fuel la probably undesirable if it has a heat of combustion 
no higher or very little hi^er than those of JP fuels. The exception 
might be a boron fuel which is being used for its high flame velocity and 
high thrust rather than its high heat content. However, most of the boron 
fuels with high heat contents also probably have high flame velocities and 
thrust; thus it appears that use of a low-heat -content boron fuel would 
rarely be advantageous. 


SUMMARY OF RESULTS 

Estimation of the heats of combustion of several families of alkyl- 
and sllyl-substituted boron hydrides shows that 

1. Alkylation and especially silylation (substitution of SIH 3 groups) 
of boron hydrides decrease considerably the heats of combustion. 

2. As the molecular weight of the parent boron hydride increases 
from borane to decaborane and then to bldecaboranyl, the depression in 
the heats of combustion resulting from the substitution of a given num- 
ber of carbon or silicon atoms decreases. 

3. The heats of combustion of borane and diborane are rapidly reduced 
by alkylation to values only 10 to 20 percent higher than those of JP 
fuels. 


4. The heats of combustion of borane and diborane are even more 
rapidly reduced by substitution of silyl groups. The trl- and tetrasllyl- 
diboranes have heats of combustion very near those of JP fuels (about 
19,000 Btu/lb). 
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5. The heat of cambustlon of tetrahorane Is calci^lated to he much 
closer to the heat of combustion of dihorane than Ithat of pentahorane. 

The heats of ccmbiistion of all of the alkyl (e.g.^j CH3, G2H5, C3HY) and 

silyl (SIH3) derivatives of tetrahorane considered were higher than those 
of the corresponding pentahorane derivatives (see j the following res\xlh) • 

6. The heats of comhustlon of the alkylpentatjoranes BgHgR and the 
alkyldecahoranes B]_qH 2_3R with R = CH3, C2H5, and C3Hy are equal 

to or greater than 25,000 Btu per pound. The heats of comhustlon of 
BsHeSlHs and B10H13SIH3 are about the same as those of the alkylated deriv- 
atives with R « C3H7. ~ I i; ; 

7. The heats of comhustlon of the alkylated dihorylmethanes and 
ethanes are even lower than those of the alkylated dihoranes. 

8. The heats of comh\istlon of hipentahoranyl 'and hldecahoranyl a re 
only slightly lower than those of pentahorane and |decaborane. Howevefy 
the heats of comhustlon of the dipentahorary.l aT karie s and the dldecahoranyl- 
alksnea are somewhat higher (up to 500 Btu/lh) than those of the alkyl- 
pentahoranes and alkyldecahoranes with the same numheg^ of carhon atoms!" 

9. The heats of vaporization for the large pif^opoftlon of the com- 

pounds considered for which there are no experimental values were esti- 
mated hy the simple empirical formula = 2 + 2n(B, C, Si atoms). ^ 

Experimental heats of vaporization for horoh hydrides, alkyldlhoranes, 
trlalkylhoranes, and alkylsilanes can he reproduced within 1 kcal per 
mole with this empirical equation. _ 


Lewis Plight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, Jxily 29, 1955 
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llABLE I. - EXPERIMENTAL HEATS OF FORMATION OF BORON ' ' 

HIDRIDES, TRIALKXLEORANES, AND GASEOUS 

' t 

CARBON AND BORON ATOMS i li 


[Temperatiire, 25°. C] 


Substance 

Heat of formation, AH^ 
kcal/mole - 


Reference 

Liquid 

Gas 



— 

7.53 


6 


7.8 

15.0 


6 

®10®14 

8 (crystalline) 

26 


6 

(CH3)3B 

-34.5 + 3.5 

-29.3 ± 3 

5 

a,bg 


-46.8 ± 4.7 

-38.0 ± 4. 

7 

^6 


-23 ± 8 

-14 ± 8 ; 


(n-CjHy ) 3 B 

-65 

-54 



-40 ± 8 

-29 ± 8 

(c) 


-83.9 ± 4.2 

-70.8 ± 4, 

2 

®-6 


-94 

-81 


15 

c 

0( graphite) 

171.7 


21 

B 

0( crystalline) 

141+5 


6 

Si 

0( crystalline) 

100 ± 10 : 
1 

•(e) 


^■Private communication from W. H. Johnson and E. J. 
Proaen, Nat. Bur. Standards. j 

“values of AB^(Z) and AHf(g) calcula-j^ed irom data 

in refs. 10 and 6 are essentially the same as 
Nat. Bur. Standards values. 

Unpuhllshed Levis data. “ 

‘interpolated from experimental data on (C 2 Hg) 5 B 
and (n-C^Hg) 3 B. I 

®Average value from data of ref. 27. 
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OABLE II. - CAICULATED HEATS OF FOEMATION OF ALKYL AfflD SILYL EADICALS 
AND UNSTABLE SPECIES OF BOEON HYDEIDES AND ALKYLATED BOEON HYDEIDES 


[ Tempera tiire, 25° C] 


Substance 

(gas) 

Heat of fonnation, AK^, 
kcal/mole 

Calculated from data in 
refs. - 

CH 3 

32 

17, 

18 

^ 2 % 

25 

17 , 

19 

h— C^H y 

22 

17, 

20 

SiHs 

14 

21 


BH 3 

18 

6,14 (see tables I and Hi) 

® 2 % 

48 



®2^4 

89 



®2^3 

130 



®2®2 

171 



®4^10 

19 




60 




56 



®10S^13 

67 



B(CH3)2CH2 

19 

6,21 (see tables I and Hi) 

B(CH3)2 

28 



B(CH3)2H 

-15 ■ 



B(CH3)(CH2)H 

33 



B(CH3) 

85 



B(CH3:)Hp 

2 



B(CH2)H2 

50 


r 


B5H8CH2 

®10^L3*^®2 


49 

60 


6,21 (see tables I and III) 
6,21 (see tables I and III) 
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TABLE III. - AVERAGE BOND ENE,EGIES 


Bond 

Average Bond 
energy, D, 
kcal/mole 

Sourc'e 

i It 

C-H 

99.5 

-^CH4 1 . -I. 

Si-H 

81 ± 2 

®SiH4 I 

B-H 

93 ± 2 

BbH3 ! 1. 

B-(CH3) 

89 db 2 

=B(CH3)3 

B-(C2H5) 

81 ± 4 

'B(C2H^)3 

b-Cb-GsHy) 

83 ± 4 

,^B(n-C3HY)3 

B-Si 

63 ± 5 

Pauliug equation^ 

! ^ 

B-B 

80 i 5 

1 

Pauling equation and dissociation re- 
actions of boron liydr'ides 

(b-h-b) 

107 ± 5 

1 i“ .] 

Dissociation reactions of boron hydrides 

(b-b-b) 

96 ± 3 

Dissociation reactions ^ boron hydrides 
and heat of sublimation and crystal 
structure of crystalline boron 


^Calculated from data in, ref. 21. 


^Calculated from data in refs. 6 and 13. 

^Calculated from average values of Zfflf(g) for ,-3R3 compounds 
(see tatle l) . 

“taking D (Si-Si) as 50 kcal/mole (see tatle l) . 
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TABLE IV. - ESTIMATION OF HEATS OF VAPORIZATION BY THE RELATION 


m = 2 + 2n(C,B,Sl) 


Compound 

Heat of vaporization, 
AHygp, kcal/mole 

Differ- 

ence, 

kcal/mole 

Average 

devia- 

tion 

Ref. 

Experimental 

Calculated 


3.45 

4 

+0.5 


21 

®4^10 

6.47 

6 

-0.5 


21 


^■7.2 

7 

-0.2 


6 

^10^14 

12.13 

12 

-0.1 

0.3 

(t) 

B(CH3)3 

®-5.2 

6 

+0.8 


(c) 


^■8.8 

9 

+0.2 


6 

B ( n— C^Hy ) 2 

^■11.0 

12 

+1.0 


6 

B(n-C4H0 )3 

^■13.1 

15 

+1.9 

1.0 

6 

(CH3)2B2H4,(1,1) 

5.5 

6 

+0.5 


21 

(CH3)3B2H3 

7.0 

7 

0 


21 

(^%)4®2^2 

7.3 

8 

+0.7 


21 

(C2H5)2B2H4,(1,1) 

8.1 

8 

-0.1 

0.3 

21 


4.39 

4 

-0.4 


26 

(CH3)2SiH2 

5.10 

5 

-0.1 


26 

(CH3)3SiH 

5.82 

6 

+0.2 


26 

(CH3)4Si 

6.25 

7 

+0.7 


26 


5.33 

5 

-0.3 


26 

(C2H5)2SiH2. 

7.18 

7 

-0.2 


26 

(CH2=CH)SiH3 

5.12 

5 

-0.1 


26 

( 

7.37 

7 

-0.4 


26 

(i-C4Hg)SiH3 

7.05 

7 

0 

0.3 

26 


^Experimental data on AH^g^p at 25° C. 

^Data from ref. 28. 

°Private communication from W. H. Johnson and E. J. Prosen, Nat. Bur. 
Standards . 



TABLE V. - HEATS OF FORMATION AND COMBUSTION OF BORON COMPOUNDS (B,H,C,Si) 


Compound. 

Heat of formation (at 25° C), 
kcal/mole 

Heat of combustion, AH^, Btu/lb 


orphous ) 

Gto B 2 O 3 ( crystalline ) 

Solid or 
liquid 

Gas 


Solid or 
liquid 

Gas 

Solid or 
liquid 

Gas 

B 

0(b) 

^■141. 9 

25,000(a) 

48,500 

25,400(s) 

48,900 

BH 3 

15(Z) 

18 

32,800(Z) 

33,200 

33,100(Z) 

33,500 

B(CH 3).3 

®^^-35(z) 

^^^-29 

21,200(Z) 

21,400 

21,300(Z) 

21,400 

B(C2H5)3 

^^^-47,-23(Z) 

^^^-38,-14 

°20,500(Z) 

°20,600 

°20,500(Z) 

°20,600 

B(n-CJ 3 li 7)3 

A _l) M ^ / •» \ 

L ) 

« /h — . 

°19,900(z) 

° 20,100 

°20,000(Z) 

° 20,100 

B(n-C4H9)3 

^#^-84,-94(Z) 

®^^-71,-81 

°19,500(Z) 

°19,600 

°19,500(Z) 

°19,600 

B(S 1 R 3)3 

-12(Z) 

-6 

17,700(Z) 

17,800 

17,700(Z) 

17,800 


4(Z) 

^7.5 

31,100(Z) 

31,300 

31,400(Z) 

31,600 

BgHgCHg 

-14(Z) 

-9 

26,400(Z) 

26,600 

26,600(Z) 

26,800 

B2H4<CH3)2 

^ • -31(Z) 

i-25 i'f 

24,100(Z) 

24,300 

24,306(Z) 

! 24,500 

B2H3(CH3)3 

-48(Z) 

-41 

22 ,a 00 (Z) 

22 , 9W 

22,900(Z) 

23,000 

B 2 Hg(CH 3 )^ 

-65lZX 

-57 

21.800CZ1 

' • ~ 'r — 

22.000 

.goof'll 

V ■’ / - 



* ; -14(Z) 

-8 

24,700(Z) 

24,900 

24,B00(Z) 

25,000 


"-3l(i)! 


' 212, 600(^1)’^ 

^^2,700 

' 22,700('z)’ 

' 22,800 


-48(Z) 

-38 

21,500(Z) 

21,700 

21,600(Z) 

21,800 

®2^2(*^2%U 

-65(Z) 

-53 

20,900(Z) 

21,100 

21,000(Z) 

21,100 


Experimental value. 

^Twd different experimental values reported (see table l). 
‘^Average values . 




:i I 
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I 
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TABLE V. - Continued. HEATS OP POBMATIOS AlTD COMBUSTIOKT OF BOBDN COMPOUMBS (B,H,G,8l) 


Compound 

Heat of formation (at 25° C), 
kcal/mole 

Heat of combustion, AH^, Btu/lb 

To B 2 O 3 ( amorphous ) 

To B 203 ( crystalline) 

Solid or 
liquid 

Gas 

Solid or 
liquid 

Gas 

Solid or 
liquid 

Gas 

B 2 H 5 SIE 3 

- 6 ( 1 ) 

-1 

22,800(0 

23,000 

23,000(1) 

23,200 

B2H4(S1B3)2 

-15(1) 

-9 

20,300(1) 

20,400 

20,400(1) 

20,500 

B 2 H 3 ( 3113)3 

-24(J) 

-17 

19,000(1) 

19,100 

19,100(1) 

19,200 

B 2 H 2 (Sia 3)4 

-33(1) 

-25 

18,300(1) 

18,400 

18,300(1) 

18,400 

B 4 H 10 

13(0 

19 

30,500(1) 

30,700 

30,800(1) 

31,000 

B 4 H 9 CH 3 

- 2 ( 1 ) 

5 

27,800(1) 

28,000 

28,000(1) 

28,200 

B 4 H 9 C 2 H 5 

- 10(0 

-2 

26,200(1) 

26,400 

26,400(1) 

26,600 


-14(0 

-5 

25,100(1) 

25,300 

25,300(1) 

25,500 

B 4 H 9 SIH 3 

4(0 

11 

25,000(1) 

25,200 

25,200(1) 

25,400 


®7.8(0 

°15.0 

29,100(1) 

29,300 

29,400(1) 

29,600 

B 5 H 8 CH 3 

-7(1) 

1 

27,000(1) 

27,200 

27,200(1) 

27,400 


-15(1) 

-6 

25,700(1) 

25,900 

25,900(1) 

26,100 


-19(1) 

-9 

24,800(1) 

25,000 

25,000(1) 

25,100 

B 5 H 8 S 1 H 3 

- 1(0 

7 

24,600(1) 

24,800 

24,800(1) 

■ 25,000 

%0%4 

^ 8 (b) 

^■26 

28,200(b) 

28,500 

28, 500(a) 

28,800 

®10®13^% 

- 1(0 

12 

27,200(1) 

27,400 

27,300(1) 

27,700 

®10®-13^2% 

-9(0 

5 

26,400(1) 

26,600 

26,700(1) 

26,800 

®10®-13^3^7 

- 13(0 

2 

25,800(1) 

25,900 

26,000(1) 

26,200 

®10®^13®^3 

5(0 

18 

25,800(1) 

25,900 

26,000(1) 

26,200 


^'Experimental value. 
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TABLE V. - Concluded. HEATS OF 



Heat of formation 
kcal/mole 


Solid or 
liquid 


HgBCHgHHg 12(i; 

HgBCHgBHtcHj) -7(1 

H2BCH2B(CH3)2 -27(1 

(CH3)HBCH2BH(CH3) -27(l 

(CH3)HBCHgB(CH3)2 -47(l 

(CH3)2BC^B(CH3)2 -66(1 

H2BC2H4BH2 10(1 

H2BC2H4^BH(CH3) , . -§(l 

H2BC2H4B(CH3)2 ' -23(1 

(CH3)HBC2H4BH(CE3) -26(1 

_ XCH3 jHBCgH^B CC.H3 ) 2 - 41 ClJ 

(CH3)2BC2H4B(CH3)2 -56(1) 

Mr ■> ' 'I : ■ n tv.g 

BsHgEgHg 20(1) 

2(1) 

-6(1) 

®10®13®10®13 32(1) 

® 10 ^ 13 ® 2 ® 10%3 ! 14 ( 1 ) 

®10^13^2^4®10®13 12(1) 


if 


ro 

Ifh. 


MATION ANII COMBUSTTOH OF BOEOH COMPOUNDS (B,H,C,Si) 


(at 25° C); 

Heat of combustion, Btu/lb 


To BgOj ( amorphous ) 

To Bg Og ( crystalline ) 

Gas 


Solid or 
liquid 

Gas 

Solid or 
liquid 

Gas 

17 

26,300(1) 

26,500 

26,500(1) 

26,800 

-1 

23,900(1) 

24,100 

24,100(1) 

24,300 

-20 

22,500(1) 

22,600 

22,600(1) 

22,800 

-20 

22,5Q0(1) 

22,600 

22,600(1) 

22,800 

-39 

21 , 500 ( 1 ) 

21,700 

21,600(1) 

21,800 

-57 

20,800(1) 

21,000 

20,900(1) 

21,100 

16 

24,500(1) 

24,700 

24,600(1) 

24,800 : 

-1 

2,3,0]3p(l) 

23,100. 

23,lCjO(l) 

23,30p 

-i5 ^ 

22,000(1) 

22,200 ' 

22,100(1) 

22,300 

-18 

22,000(1) 

22,100 

22,100(1) 

22,200 i 

-32 ^ 

_2i,3aoCi)_ 

_2 1,500. _ 

„.21,.4Q0.C,lJ_ 

_21,600_ 

-46 

20,800(1) 

21,000 

20,900(1) 

21,100 

Vic^J ( 

. t 

•tir ■ 1 

: ■ 1 ■ ■ 1 i 1 r. E! jri 

!■ i 

32 

28,800(1) 

29,000 

29,100(1) 

29,300 

15 

27,600(1) 

27,700 

27,900(1) 

28,000 

8 

26,700(1) 

26,900 

27,000(1) 

27,200 

54 

28,200(1) 

28,300 

28,500(1) 

28,600 

37 

27,600(1) 

27 , 700 ' 

27,900(1) 

28,000 

36 

27,100(1) 

27,300 

27,400(1) 

27,600 
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Humber of carbon, or Bllicon atoms 
(a) Liquid borane and trialkyl- and trisllylboranes . 
Figure 1. - Heats of combustion of boron-containing compounds 
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("b) liquid dilDorane end methyl, ethyl, and 
sllyldlhorane . 


Figure 1. - Continued. Heats of combustion of 
boron-containing con^iounds. £ 
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o Tetraborane 
- n Alkyltetrabcwanes - 
O S-lyltetraboranes 


(c) Liquid tetraborane, alkyltetra 
"boranes, aad sllyltetraboranes. 
30X10^—, 1 1 , , 


iS 26- 


5.,^ 

1 1 1 

o Pentaborane 

o Alkylpentaboranes 
❖ Sllylpentaboranes 

1 1 L 
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(d) liquid pentaborane, alkylpenta- 
boranes, and sllylpentaboraaes , 


o Decaboraue 
■ □ Aliyldeeaboranes - 
O SllyldeeaborMes 


0 12 

Number of carbon or allicon atoms 

(e) liquid dfioaborane, alkyldeca- 
boranes, and sllyldecaboranes . 


Figure 1, - Continued. Heats of 
combustion of boron-oontalnlng 
compounds . 


Heat of combustion, Btu/lb 
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(g) Blpentatjoranyl-, MdecaBoranyL-, 
dlpentatoranyl-, and didecatoranyl- 
alltanes. 

Figure 1. - Concluded. Heats of combustion 
of boron-contalnlng compounds. 
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NACA - Langley Field, Va. 



